INTRODUCTION
The growing awareness of human domination of Earth's ecosystems, and the resulting reduction in species diversity in many habitats worldwide (Kareiva et al. 2007) , has stimulated interest among ecologists in understanding the relationship between biodiversity and ecosystem function (see reviews by Hector & Hooper 2002 , Schmid 2002 , Hooper et al. 2005 , Spehn et al. 2005 , Cardinale et al. 2011 . Restoration of ecosystems ultimately depends on this ABSTRACT: Anthropogenic impacts on biodiversity across a wide range of ecosystems are well documented; however the responses of ecosystems to reduced diversity are still poorly understood. We investigated the effects of species richness, species identity and environmental variables on aboveground biomass increment using replanted mangroves at Gazi Bay, Kenya. We planted 32 plots (36 m 2 ) with 8 treatments: all possible combinations of the trees Avicennia marina, Bruguiera gymnorrhiza, and Ceriops tagal and an unplanted control. Trees were planted in July and August 2004 and monitored annually until 2009. Growth was slow in the first 2 yr of the study, but by 2007 there was a significant treatment effect on aboveground biomass. A. marina showed strong competitive traits, with the best growth overall and enhanced growth of individual trees when planted in mixed species plots. The highest biomass was recorded in 3-species mixes; partitioning the net effects of species mixing showed a strong species selection effect, but there was also a complementarity effect in some of the three species plots. Biomass was positively correlated with presence of A. marina and negatively correlated with sediment salinity. We conclude that there is variation in the stages of plant development at which species richness effects manifest themselves; in addition the effects of environmental variables have a bearing on the nature and direction of the relationship between species richness and ecosystem function.
understanding. Numerous attempts have been made to investigate relationships between biodiversity and ecosystem functions experimentally and by using comparative approaches; to date, the most compelling evidence for strong linkages has come from experiments in grassland ecosystems in which species diversity was manipulated directly in replicated treatments (Hector et al. 1999 , Fornara & Tilman 2009 , Isbell & Wilsey 2011 , Reich et al. 2012 .
Earlier work was criticized for failing to account for the influence of the 'selection effect', that is, the higher probability of including 1 or a few highly productive species in the most species-rich treatments (Loreau & Hector 2001 , Fargione et al. 2007 ). In addition, studies that use only a small fraction of the relevant species pool at a given site may not produce results that are applicable under natural conditions. Although grasslands still predominate in the literature, there are increasing numbers of studies from other ecosystems including a few from marine habitats (Emmerson & Huxham 2002 , Bruno et al. 2005 , Cardinale et al. 2007 ). However, the ecological significance of diversity remains unknown in many systems. For example, it is uncertain what relevance studies on short-lived non-woody plants have to woody ecosystems such as forests. Long-term manipulative experiments using trees have recently been initiated at a number of sites across Europe, and early findings suggest a positive influence of species diversity on a range of ecosystem functions (Oelmann et al. 2010 , Zeugin et al. 2010 , Hector et al. 2011 but are unlikely to yield conclusive results rapidly.
Mangroves are trees found in estuaries and intertidal zones in tropical and subtropical regions (Tomlinson 1986) . Whilst the mangrove ecosystem supports a relatively low diversity of plant forms, it is rich in other organisms, including arthropods, molluscs, fishes and birds (Field et al. 1998) . A relationship between biodiversity and ecosystem functions has been inferred (MacNae 1968 , Field et al. 1998 ), but rarely tested directly in mangrove ecosystems. Previous studies that have used comparative approaches (Bosire et al. 2003 , Kirui et al. 2006 , Mukhopadhyay et al. 2006 ) have focused on the influence of management systems and environmental contexts on ecological functions; they have generally emphasized the roles of nutrient fluxes and macrofauna in determining the net primary productivity of the single dominant mangrove species, such as Bruguiera gymnorrhiza (L.) Lamk. 1797-8. Whilst comparative methods can provide useful information on the main drivers of ecosystem function, they usually cannot explain the underlying mechanisms behind relationships (Huston 1997) , and can obscure within-habitat variations (Schmid 2002) . Mangrove forests are naturally comprised of a small number of mangrove species, which means that the manipulation of most of the species present is feasible, and they can grow relatively fast (Kairo 1995 , Bosire et al. 2008 ; hence experimental approaches to biodiversity and ecosystem linkages are possible. To our knowledge, however, no previous experiment has been conducted in a mangrove ecosystem where species diversity was manipulated.
In Not only are plantation studies needed to understand how mangrove conservation and management stakeholders in Kenya may proceed with reforestation programmes for such sites, but also, species trials present an optimal context for testing the effect of diversity on ecosystem services. Here we present findings on the effects of species diversity and soil conditions on one of these ecosystem functions, i.e. aboveground biomass production. The null hypotheses were:
(1) Species diversity and identity of mangroves has no effect on the aboveground productivity of planted plots.
(2) Aboveground productivity is not influenced by variations in environmental factors over the range typical of the local soft shore intertidal environment.
The study was therefore designed to contribute towards improvements in mangrove restoration as well as to provide an insight from a coastal ecosystem on the biodiversity− ecosystem function debate.
MATERIALS AND METHODS

Site description
The study was conducted at Gazi Bay (4°28' S, 39°29' E), located on the southern coast of Kenyã 55 km from Mombasa ( Fig. 1 ). It is a shallow coastal ecosystem with extensive mangrove formations intersected by 2 creeks. The total area of the bay excluding the area covered by mangroves is 10 km 2 . Two seasonal rivers (Kidogoweni and Mku ru mudji) drain into the bay, and there is restricted groundwater seepage (Tack & Polk 1999) .
Seasonal rains dominate the local climate with 2 rainy seasons: heavy rains in April to June and lighter short rains in October to November. The total annual rainfall ranges between 1000 and 1600 mm.
Mangroves in Gazi have been exploited for many years, mainly as sources of fuelwood and building poles for the local community as well as to provide wood for brick-and chalk-making industries in the 1970s (Kairo 1995) . Clear-felling left some areas of the bay completely denuded (Bosire et al. 2003) , and these sites still show few signs of natural regeneration. One of these cleared sites was used for the present study (Fig. 1) ; it is a high tidal site in inundation class IV of Watson (1928) , i.e. flooded only at spring high tides. The topsoil at the site is sandy while the subsoil is peaty sand.
The 3 species used in this experiment grow sympatrically in the remaining natural forest contiguous to the experimental site (in particular in transitional areas between zones) and were present on the site before clear-felling. Kenya has 9 mangrove species; highly elevated shore locations such as the study site commonly have 1 to 4 species.
Experimental design
The effects of mangrove species identity and richness, as well as of environmental variables, on aboveground biomass were investigated in a planted area of 2800 m 2 . Three species of mangrove -Avicennia marina, Bruguiera gymnorrhiza and Ceriops tagal -were used in the experiment. The 8 treatments consisted of each species on its own, all possible 2-species mixes, the 3-species mix and unplanted control plots. In 2-and 3-species plots, saplings were planted in alternate patterns in a regular matrix along the lines. Plots were 6 × 6 m, with a planting distance of 0.6 m between trees; hence each planted plot consisted of 121 trees (or 33611 trees ha −1 ), giving 3388 trees in total. Inter-plot distances were kept to a minimum of 6 m; this is greater than the home range size of fiddler crabs (Uca spp.), the dominant epifauna at the site, hence helping to ensure independence of plots (Skov & Hartnoll 2002) . Treatments were randomly allocated to plots in a replicated random block design, with 2 blocks (separated by ~100 m), each block containing 2 replicates; thus there were 4 replicate plots for each treatment and a total of 32 plots. Seeds and other propagules of the 3 species were collected from the surrounding forest in early 2004 and grown in nursery plots located in an adjacent intertidal site using local soil with no artificial fertilizer application. Seedlings were 'hardened' for a period of 1 mo and were subsequently planted in the treatment plots in the months of July/August 2004 when the region experiences short rains. All planted saplings were ~30 cm in height, of the same age, and were randomly allocated to relevant plots.
Environmental factors
The following environmental variables were measured in all plots before planting: (1) redox potential, (2) pore water salinity, (3) sediment organic carbon content, (4) sediment grain size, (5) sediment temperature, (6) nutrient content and (7) height above chart datum. Areas <1.0 m from plot edges were not sampled to avoid 'edge effects'. For variables 1 to 6, the results for each plot were means of 4 random subsamples; height above sea level was measured in the centre of each plot using a levelling theodolite. Sediment cores for redox and salinity measurements were extracted using a 50 cm long, 40 mm diameter locally modified D-section soil corer. A portable redox meter was used to take redox measurements in the extracted core at 10 and 40 cm; ~50 g sediment per depth were then removed, bagged and the pore water salinity measured in the laboratory after centrifuging, using a hand-held refractometer. Surface scrapes (to 1 cm depth) were taken for grain size and carbon analysis; the percentages of silt and coarse sand in surface scrapes were calculated following manual sieving over 65 and 500 μm mesh, and the percentage organic matter content was determined as loss on ignition at 480°C for 12 h. Surface temperature (thermometer probe inserted to 1 cm below sediment surface) was measured at midday on a clear sunny day. Sediments for nutrient analysis were collected in the field and preserved in an ice box before being taken to the laboratory. Lab nutrient extraction was done using potassium chloride flushed with nitrogen gas (2 min) and shaken for 2 h, to ensure maximum extraction. The sample was then centrifuged at a speed of 2000 rotations per minute for 10 min. The extract was decanted and diluted with distilled water and used for the determination of nutrients. Ammonium, nitrate and phosphorus were determined according to Parsons et al. (1984) .
Sapling aboveground biomass and leaf growth
In order to non-destructively monitor the aboveground biomass of planted trees, we developed biomass to tree-size regression equations for each species, using wild trees of representative sizes: 25, 18 and 8 saplings of Avicennia marina, Bruguiera gymnorrhiza and Ceriops tagal, respectively, with stem diameters ranging from 2 to 22 mm, were selected in an area adjacent to the plots. Tree height, from the ground to the point where the top-most set of leaves join the stem (apical bud), and stem diameter at 30 cm (A. marina), or between the first and second internode (B. gymnorrhiza and C. tagal) from the ground, were recorded using a tape measure and callipers, respectively, and subsequently the saplings were cut at ground level. Given the subsequent disappearance of initial internodes in the 2 species (B. gymnorrhiza and C. tagal), we adjusted the height at which we took stem diameter measurements making it at half the tree height. Saplings were weighed on site and subsequently oven-dried at 80°C to a constant weight to determine the fresh weight to dry weight (dw) ratio. An equation of the form y = ab x was developed using the best predictor available to allow estimation of sapling biomass for planted trees of each species (see Table 1 ).
We used the developed equations to measure the aboveground biomass in the plots for a period of 4 yr, beginning in August 2005. Eighteen plants were randomly selected in each plot. In plots with 2 or 3 species, stratified random sampling was used to give 9 or 6 plants per species, respectively. Tree heights and stem diameters were measured as described above. The total number of leaves and the percentage yellow leaves (a sign of stress) on each of the selected plants were counted, and 10 leaves were further selected at random for measurement of leaf length and maximum width.
The leaf area index in each plot was calculated for each species in turn by multiplying the mean total number of leaves per tree by the mean area per leaf, and by the number of surviving trees per plot, then dividing by the plot area (36 m 2 ). The mean area per leaf was derived from the 10 leaf length−width measurements per tree (conversions of length−width measures into true leaf area was obtained from regression equations based on > 30 'wild' leaves).
Statistical analysis
Data were checked for normality and homogeneity of variances, and transformed where necessary. To ascertain whether the equations were speciesspecific or general, the allometric regression slopes (for relationships between aboveground biomass and stem diameter) for the 3 species were compared using the homogeneity of slopes model test. Effects of year, blocks and treatments on aboveground biomass, tree height, percentage of yellow leaves and leaf area index were analysed using repeated measures ana lysis of variance (ANOVA); when significant year × treatment interactions were found, yearly samples were separated and re-analysed using mixed-model 2-factor ANOVAs. Year and block were treated as random factors and species treatments as fixed factors.
The 2007, 2008 and 2009 data were explored to ascertain whether significant species richness effects were due to 'the selection effect' or 'the complementarity effect' following the methods of Loreau & Hector (2001) and Fargione et al. (2007) . The net effect was calculated as ∑B − E -, where B is the total biomass for each species in a plot; ∑B is the biomass of all species in a plot, and E -is the average monoculture biomass of all species in that plot. The net effect was partitioned into 2 additive components: the selection effect and the complementarity effect. Selection was calculated as D × COVARIANCE (E, ΔRB), where D is diversity (i.e. species number), E represents a species' average monoculture biomass, and ΔRB is the difference between the observed relative biomass (B/E) and the expected relative biomass (1/D). Complementarity was calculated as E -× D × ΔRB, where ΔRB is the average ΔRB of all species in a plot. One-sample t-tests were used to assess whether the net and the disaggregated species richness effects differed significantly from 0. The relationships between initial environmental variables in plots (treated here as predictor variables) and aboveground biomass in the years 2007, 2008 and 2009 were analysed using stepwise multiple regressions (with inclusion of dummy variables in the multiple regression), with alpha values for predictor entry set at 0.2. Forward and backward selection procedures were compared, and the best model was selected on the basis of the adjusted R square, Mallows' Cp (used to assess the fitness of regression models) and variance inflation factors (VIF; an index that measures how much of an estimated regression coefficient is increased because of collinearity) as diagnostics. All analyses were performed using SAS ® (SAS Institute; used for selection R squared method) and Minitab ® software.
RESULTS
Biomass estimation
Stem diameter was the best predictor of sapling biomass for each of the 3 species, with r 2 values exceeding 0.64 in each case (Table 1) . We found a significant influence of species (F = 46. p = 0.048, n = 51), and therefore we used different equations to estimate aboveground biomass for each of the 3 species.
Trends in sapling aboveground biomass and other growth parameters
Aboveground biomass values varied between years (df = 4, F = 23.140 p < 0.001; Fig. 2a) . However, growth in the first 2 yr was slow, with significant differences in species richness only emerging from the third year (2007) . In 2005, the mean (± SE) aboveground biomass per plot was 3.52 ± 0.2 kg dw, while in 2009, the aboveground mean value was 18.90 ± 15.4 kg dw. Plots containing Avicennia marina had the highest biomass increment over the 5 yr, while plots containing a mixture of Bruguiera gymnorrhiza and Ceriops tagal had the lowest aboveground biomass increment values in the same time period (Fig. 2a) . Given the significant year × treatment interaction (df = 24, F = 2.527, p < 0.001), we analysed biomass data for each year separately using 2-way ANOVAs. Treatment effects were observed 2 yr (2007) after planting.
Sapling heights showed a similar pattern, with a significant year effect (df = 4, F = 97.516, p < 0.001; Fig. 2c) , with the mean tree height per plot doubling from 39.6 ± 0.87 cm in 2005 to 98.12 ± 28.10 cm in 2009. There was a significant year × treatment interaction (df = 24, F = 1.694, p = 0041).
We found a significant year effect on the mean leaf area index (df = 3, F =17.881, p < 0.001; Fig. 2b ). Mean plot leaf area index in 2005 was 0.003 ± 0.0005 and had increased to 0.37 ± 0.18 by 2008. Again Avicennia marina exerted a strong influence, with plots containing A. marina having a comparatively higher leaf area index (Fig. 2b) . However, there was no significant year × treatment interaction (df = 3, F = 0.034, p > 0.05). In contrast with biomass and height, there were significant differences in the leaf area indices of treatments within all 3 years. This may reflect the faster growth of leaves compared with overall biomass, which took longer to accumulate. Significant differences were evident between years in the frequency of yellow leaves (df = 4, F = 12.258, p < 0.001; Fig. 2d ). The highest frequency of yellow leaves was recorded in 2005 at 7.3 ± 3.7%; this fell in the subsequent years to an average of 1.8 ± 1.4% by 2008. 
Aboveground biomass in 2009
There was a significant treatment effect (df = 6, F = 23.51, p < 0.05), but no block effect on aboveground biomass in 2009 (Table 2) . Post hoc analysis (Tukey test) revealed treatments without Avicennia marina had significantly lower aboveground biomass values com pared to other treatments that included A. marina; the mean aboveground biomass per plot with A. marina was 29.3 ± 3.7 kg dw compared to 5.0 ± 2.6 kg dw in plots without A. marina. The highest mean aboveground biomass, 37.75 ± 10.86 kg, was recorded in the A. marina monospecific treatment and the lowest, 2.79 ± 0.97 kg, was recorded in the treatment containing mixed-species plots of Bruguiera gymnorrhiza and Ceriops tagal.
To explore the relative contributions of different species to the total plot dry weights, the mean dry weight per tree was calculated for each species, for each treatment in which it was grown. The average biomass of Avicennia marina individuals was highest in the 3-species treatment and lowest in the mono- specific treatment (Fig. 3) , with the difference approaching significance (p = 0.058). However, aboveground biomass in Bruguiera gymnorrhiza and Ceriops tagal did not differ significantly between treatments. The net effect of species richness showed a positive trend which was particularly marked in the 3-species treatment (Fig. 4c) . Of the net effect in this treatment, 85% was contributed by complementarity in 2007 but this reduced to only 40% in 2008 (Fig. 4a,b) . However, none of the net or disaggregated species richness effects showed significant differences from 0.
Environmental variables
Twelve environmental variables (detailed by Kirui et al. 2008) were examined for significant relationships with plot dry weights in 2007, 2008 and 2009 . These included the initial environmental factors and a dummy (categorical) variable, Avicennia marina (presence or absence). A. marina was included because of its obvious effects in the other analyses (which were not observed with the other 2 species); hence we intended to examine the importance of initial environmental variables separate from the influence of this factor. Based on r 2 , VIF and Mallows' Cp diagnostics, the best model in the year 2007 included A. marina, plot height above datum, sediment salinity and nutrient concentrations (ammonium and phosphates; Table 3 ). In the years 2008 and 2009, the best model included A. marina and sediment salinity (Table 3) Hence we observed consistent and strong positive relationships between aboveground biomass and Avicennia marina and enduring negative relationships between aboveground biomass and sediment salinity (Table 3 ). Salinity at 10 cm depth varied between 37 and 75, with an average of 54.
DISCUSSION AND CONCLUSIONS
We found significant experimental treatment effects on aboveground biomass, mean tree height and leaf area index 5 yr after establishment, driven in particular by the presence or absence of Avicennia marina in a plot (Fig. 2, Table 2) . Surprisingly, these effects did not manifest as significant net or dis-aggregated species richness effects (Fig. 4) , perhaps because of the relatively low power of the 1-sample t-tests used here. By 2009, the 'selection effect' of the inclusion of the most vigorous species at our site, A. marina, was the dominant contributor to the trends in the net species richness effect observed, consistent with the significant results from the ANOVAs. Such an effect was inferred in earlier studies on a variety of marine ecosystems (Emmerson & Huxham 2002 , Callaway et al. 2003 , Bruno et al. 2005 and was invoked as a mechanism linking biodiversity and ecosystem function through the species selection effect in experiments on grassland ecosystems in earlier studies (Tilman & Downing 1994 , Tilman et al. 2001 .
Plots with Avicennia marina tended to show the fastest growth rates, the highest mean heights, the greatest leaf area indices and the lowest percentage of yellow leaves. The relative success of A. marina reflects its inherent tolerance to the high salinity and aridity levels exhibited at the experimental site (Kirui et al. 2008) . Removal of the initial forest cover at the field site had led to salinisation of the sediment and a total lack of natural regeneration; under these conditions, it was necessary to plant nursery-reared trees to initiate restoration, and our results suggest that A. marina acts as a 'superplant' (Zedler et al. 2001) in fostering ecosystem recovery. These results are consistent with studies on mangrove saplings which have reported Avicennia possessing pioneer traits especially with respect to aboveground development and the facilitation of wildling (saplings external to the plot) recruitment (McKee 1995 , Huxham et al. 2010 , Friess et al. 2012 and with work in some terrestrial grassland (Hooper & Dukes 2004 , Hooper et al. 2005 , freshwater plant, microbial (Downing 2005 , Bruno et al. 2006 ) and salt marsh communities (Callaway et al. 2003 ) that showed that productivity was driven by a species identity effect.
In biodiversity−productivity experiments, a positive relationship between monoculture biomass and the relative yield of a species in mixture is predicted to result in 'positive selection' caused by a sampling effect (Fargione et al. 2007 ); such a relationship is evident in our study, with Avicennia marina not performing well in monoculture and acting as a competitive dominant in polyculture. However, a metaanalysis by Cardinale et al. (2007) and work by Fargione et al. (2007) showed that positive selection effects predominated early during their 10 yr grassland experiment, with the effects of complementarity between species increasing over time. Hence complementarity may emerge more strongly at the current site in subsequent years, and may take much longer to emerge in such relatively slow-growing species.
The mean aboveground biomass of individual Avicennia marina trees was highest in plots containing the 3-species combination and lowest in monospecific plots (Fig. 3) . These differences probably resulting from the different effects of inter-and intraspecific competition for resources (Lanta & Leps 2007) . In single-species plots, A. marina plants were competing against one another. In 3-species combination plots, the relatively poorer growth rate of the other 2 species resulted in less competition and hence greater individual growth for A. marina. A. marina profited from being grown in mixtures with less competitive species, i.e. intraspecific competition was higher than interspecific competition, which corresponds to the 'competitive reduction principle ' of Vandermeer (1989) . Importantly, however, there was no evidence for suppression of growth rates of Bruguiera gymnorrhiza and Ceriops tagal when grown with A. marina. This is reflected in the positive net species richness effects, with mixed plots showing higher than expected biomasses. In addition to the strong influence of Avicennia marina, initial environmental variables in plots also affected plant growth. There were significant negative correlations with sediment salinity, which reached 77 in 1 plot. Salinity has previously been noted to strongly influence survival of the planted species at the current site (Kirui et al. 2008 ) and has been widely reported as a factor limiting growth in mangroves (Naidoo 1990 , Jayatissa et al. 2008 ; hence this strong effect is unsurprising. The negative relationships with phosphate and ammonium found in the first year (and which subsequently disappeared) are more difficult to explain but may result from confounding conditions in oxygen-poor, wetter sediment.
In conclusion, aboveground productivity over the 5 yr of our study was driven by the presence of Avicennia marina, which was the competitively dominant species at our site, and which strongly influenced productivity in the plots. This was probably because of its tolerance of salt (which showed a strongly negative association with productivity) and other environmental stressors. At this stage in our experiment there were no apparent productivity benefits from mixing species, although the 3-species treatment did achieve similar biomass to monospecific A. marina plots (Fig. 3) because of reduced intraspecific competition. This implies that A. marina can be used on its own to restore productivity at similar stressed sites, although there may be benefits for other ecosystem functions in mixing species. 
